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Crystallographic and magnetic study of metastable nanocrystalline Sm„Fe,Si…9
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We have studied nanocrystalline metastableP6/mmmSm~Fe,Si!9 by means of x-ray diffraction, Mo¨ssbauer
spectroscopy coupled with Curie temperature and magnetization measurements. The structural transformation

towards equilibriumR3̄m Sm2(Fe,Si)17 is studied by Rietveld analysis. A decreasing unit cell volume for
substituting Fe by Si was found. The Curie temperature increases with Si content with a slight improvement of
the magnetic moment per iron atom compared to the equilibrium Sm2(Fe,Si)17 alloys. A specific program for
the Wigner-Seitz cell calculation of the metastable disordered structure was used. The hyperfine parameter sets
were assigned according to the relationship between the Wigner-Seitz cell volume of each iron site and their
isomer shift. It results that Si preferentially occupies the 3g site with the recurrent sequenceHHF(2e)
.HHF(6l ).HHF(3g). The mean hyperfine field decreases with silicon content.

DOI: 10.1103/PhysRevB.68.024406 PACS number~s!: 75.50.Bb, 75.50.Tt, 76.80.1y
al
co
rr
ta
e

he
a
d
m
t
s

ie

as

e

en
tio
r

S

o
en
th
a
d

se
S
ur
ie

er-

ies

of
de-
-
ich
as
not
sa-

ing
o-
hi-
al-

is of
re

ned
ve
l

ce
he

r
try

n.
Si
I. INTRODUCTION

A metastable phase is not the most thermodynamic
stable phase, but a temporarily stable one under certain
ditions. The metastable phase forms under conditions co
sponding to a local minimum of the free energy. The me
stable phases open a way of searching for novel perman
magnet materials. One of the motivations of t
investigations is the outstanding magnetic properties that
important for practical applications. Furthermore, the stu
of the formation of metastable phases and their transfor
tion into the various equilibrium phases is most important
reach a better understanding of the relation between cry
structure and intermetallic thermodynamic stability.

A new generation of permanent magnets came into v
when an interstitial atom was introduced in someR-Fe lat-
tice. Among the most interesting compounds, the Sm2Fe17
rhombohedral alloy of the Th2Zn17 structure type with an
interstitial modified structure has generated much enthusi
after the first discovery of Sm2Fe17N3. The major drawback
to its utilization is its poor thermal stability, as it decompos
into the equilibrium phases SmN anda – Fe above 873 K
~Ref. 1!. Therefore, worldwide investigations have be
made and are still in progress in a quest for Fe substitu
or interstitial modifications sufficient to obtain furthe
improvements.

It has been shown most particularly that Al, Ga, and
improve the thermostability of the Th2Zn17-type interstitial
structure, Si and Ga having the strongest influence.2 More-
over, high performance magnets result from the coupling
outstanding intrinsic magnetic properties with a conveni
microstructure, strongly dependent on the processing me
used to prepare the materials. In this context, the road le
ing to promising candidates includes techniques favoring
rectly the nanocrystalline state via out-of-equilibrium pha
stable up to high temperature. In the case of the Fe-rich
alloys, much confusion still remains about the exact nat
of the phase mainly responsible for the interesting propert
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when sputtering or energetic milling is implemented. For c
tain preparation temperature conditions, theP6/mmm hex-
agonal phase derived from CaCu5 and known as TbCu7 is
observed. This hexagonal structure sub-cell of Th2Zn17 was
found to be more efficient than the materials with theR3̄m
super-lattice of Th2Zn17-type when interstitially N or C
filled.3 For other authors, the optimum magnetic propert
are considered as related to the Th2Zn17-type compounds.4

The usual denomination as a TbCu7 structure or a SmFe7
phase5,6 remains ambiguous as it implies a composition
2/14 for this precursor, Sm enriched with respect to its
rivative structure 2/17. The TbCu7 structure has been consid
ered as a transition-metal-deficient 2/17 structure in wh
the long-range order of transition metal pairs, known
dumbbells, is absent. Direct results on Sm alloys are
reported owing to the compositional inaccuracy of the
marium samples7 but, from high-electron-energy diffraction
and high-resolution-electron microscopy on Y2Fe17 carbides
obtained by arc-melting, it was reported that the disorder
of the TbCu7 structure is due to a random stacking of hom
geneous iron or yttrium sheets which retain the 2/17 stoic
ometry. The x-ray diagrams of the melt spinning and anne
ing of Sm-Fe based alloys have been indexed on the bas
the Th2Zn17 R3̄m structure, even when the superstructu
lines are extremely weak or absent.8 In contrast, it must be
emphasized that several works related to alloys obtai
with high energy ball milling and sputtering techniques ha
shown the existence of SmFe9 phase with the hexagona
P6/mmmstructure, precursor of the Th2Zn17 orderedR3̄m
phase.9–11 Teresiak et al.10 proposed a modified
R3̄m Th2Zn17 structure to explain the progressive emergen
of the superstructure lines, linked to the transition from t
subcell hexagonal CaCu5 derived phase SmFe9 to the mul-
tiple cell Th2Zn17.11 However until this present work, to ou
knowledge, no one has invoked a possible stoichiome
evolution of the SmFe9 phase towards the 2/17 compositio
We shall discuss and comment on this evolution upon
©2003 The American Physical Society06-1
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effect and in terms of gradual Sm enrichment with annea
temperature.

It appears that the understanding of the structure trans
mation from the nanocrystalline precursor to the Th2Zn17
structure is still open to discussion. Moreover, the und
standing of the host lattice configuration prior to carbonat
remains of outmost interest since the high performance m
netic properties of the carbides will be tightly correlated
intrinsic structural characteristics combined with an adequ
microstructure of the materials.

In the present work we have prepared the Sm(Fe,S9
out-of-equilibrium alloys using a high energy milling tec
nique, which is a cost effective alternative to rapid quench
and allows the production of large batches of homogene
materials. We shall study the influence of Si content a
given annealing temperature on unit cell parameters, and
plain the effect of temperature for a given Si content. T
crystallographic information will provide the necessary e
planation for the study of intrinsic magnetic properties d
veloped afterwards, i.e., Curie temperature, magnetic
ment, and hyperfine parameters. A approach to explain
Mössbauer spectra of such metastable system has
achieved to assign the hyperfine parameters according
correlation with Wigner-Seitz volumes derived from a ne
specific algorithm.

II. EXPERIMENT

The samples Sm2Fe172xSix(x50.5, 1, 1.5, 2, and 3!,
with samarium excess, were prepared by the techniqu
high-energy ball milling and subsequent annealing fr
650 °C to 1150 °C during 30 min as described previousl12

X-ray diffraction with Cu radiation has been carried o
on a Brucker diffractometer with an internal Si standard
insure a unit cell parameter accuracy of6131023. The in-
tensities were measured from 2u520° to 2u5110° with a
step size of 0.04° and counting time of 22 s per scann
step. The structure refinement was performed by the Riet
technique supported, in the assumption of Thompson-C
Hastings line profile, by theFULLPROF computer code. The
detailed information was given in Refs. 13–18.

The magnetic ordering temperaturesTC were obtained on
a differential sample magnetometer MANICS in a field
1000 Oe on powder in an evacuated sealed silica tube. M
netization was measured at 4 K with a VSM magnetome
and an applied field up to 9 T. The Mo¨ssbauer spectra with
absorbers containing 12 mg/cm2 of natural iron, were col-
lected at 295 K on a constant-acceleration spectrometer
a rhodium-matrix cobalt-57 source. The spectrometer c
bration gives a line-width of 0.25 mm/s for natural iron. T
spectra were fitted according to the procedure discussed
low with estimated errors of60.1 T for hyperfine fieldsHHF
and 60.005 mm/s for isomer shiftsd and quadrupole
shifts 2«.

III. RESULTS AND DISCUSSION

A. Crystallographic studies

According to the annealing temperature, the spectra
be classified into three main families, whose limits vary w
02440
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Si content. Series~A! annealed at temperature ranging fro
650 °C up to around 850 °C forx50.5 and 875 °C for
higher Si content, is representative of the hexagonal sub-
P6/mmm derived from CaCu5. Family ~B!, annealed at a
higher temperature above 900 °C is characterized by the
transformation of the alloys into the Th2Zn17 structure type
with the expected intensities of the superstructure extra li
typical of theR3̄m space group~104!, ~211!, ~112!, ~024!.12

The ~C! family annealed at temperature between 875 a
900 °C shows the gradual emergence of the superstruc
extra lines. Figures 1~a! and 1~b! report such evolution for
x50.5 and 2.

The observed unit cell parameter evolution of the hexa
nal phase upon Si substitution is correlated to the atom
tribution. In order to understand the effect of Si, it is use
first to revisit the model invoked to explain the stoichiome
evolution of the binaryRM5 phase.

1. Route from RM5 to R1ÀsM 5¿2s

The stoichiometry variation fromRM5 of CaCu5 type to
M enriched phaseR12sM512s results from the substitution
of s rare earth atoms bys dumbbellsM – M according to
Givord et al’s model19 for small s values (s.0.03–0.04)
~Table I!. Nevertheless for highers, authors generally refer to
the TbCu7 structure as given by Pearson20 which stricto
sensumatches the composition 1/7. The description given
Pearson, with the atom distribution as given in Table I,
difficult to imagine because it does not take into account
perturbation brought about by theR substitution by theM

pair and preserves the special 2c Wyckoff positions (13 , 2
3 ,0)

like for the stoichiometricRM5 structure. The temptation is
to extend Givord’s model19 to the TbCu7 structure (s
50.22) with the coexistence of the 2c and 6l families with
correlatively shifted positions (x,2x,0) x.1/3. However, in
the Sm-Fe system it has been shown by Rietveld analysis10,11

that thes value 0.22 which corresponds to the 1/7 ratio is n
in agreement with the x-ray intensity data,s was found to be
equal to 0.36–0.38, representative of the stoichiometry
For s50.33, oneR atom out of 3 is substituted for by on
dumbbell pair; the stoichiometry is equal to 2/17. If th
dumbbell pairs 2e are randomly distributed, the structur
remains hexagonalP6/mmmand the description given eve
by the extension of the Givordet al’s model19 leads to the
vanishing of the 2c family, implying the occupation of one
third of the 6l site, i.e., two atoms per unit cell.11 However,
the ordered substitution of theR atoms by the dumbbell pair
leads to the rhombohedral Th2Zn17 type R3̄m structure. The
concentration dependence of the cell parameter for Co su
stoichiometric SmCo5, Sm12sCo512s , for small s values,
was proposed by Buschow and Van der Goot.21 It was ob-
served thatc increases due to the replacement of the S
atom by a more voluminous pair Co-Co along thec axis ~see
Table II!. It results in a contraction of thea parameter which

brings the Co atoms initially in the (1
3 , 2

3 ,0) position to
(x,2x,0)x,0.33 towards the empty Sm position. If on
makes a comparison between the unit cell parameters o
SmFe9 phase,y50, (a54.925 Å c54.160 Å! and those of
6-2
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FIG. 1. ~a! X-ray diagram for Sm2Fe16.5Si0.5 at TA5740, 875,
and 1150 °C.~b! X-ray diagram for Sm2Fe15Si2 at TA5850, 900,
and 1150 °C
02440
the reducedR3̄m cell of Sm2Fe17, x50, a85arho /A3 and
c85crho/3 (a854.941 Å andc854.147 Å!,11 it is found that
c increases anda decreases as you go from Sm2Fe17 to
SmFe9. This result is in agreement with the model propos
by Buschow and Van der Goot.21 It was concluded that the
Sm content rules this evolution. The deficient SmFe9 phase
which could accept some small stoichiometry deviation fro
s50.33 up tos50.36–0.38 from the crystallographic poin
of view, appears as the disordered precursor of the orde
stoichiometric Sm2Fe17 phase.

2. Effect of Si on the P6Õmmm SmFe9 phase

The structure approach employed here is based on
atom distribution relationship between the atomic positio
of the R3̄m structure and those of the hexagonalP6/mmm
according to the Si location established previously in
R3̄m Sm2Fe17 phase.12 The M atom positions of one phas
should be as close as possible to those of the other: thee
and 6l positions in the hexagonal SmFe9 phase transform,
respectively into 6c and 18f . The 3g splits for one third into
the 9d position and two thirds into the 18h position in the
rhombohedral Sm2Fe17 phase. The 1a R position gives rise
to the 6c R site. It results that the Si location, preferential
in the 18h site, is consistent with the exclusive occupation
the 3g site. The Rietveld refinements have been perform
on the basis of this deduction. In order to clarify the und
standing of silicon content in theP6/mmm phase we have
converted thex values of nominal Sm2Fe172xSix to y in
SmFe92ySiy . The values ofx50.5, 1, 1.5, 2, and 3 will be
respectively replaced byy50.26, 0.52, 0.78, 1.04, and 1.5
in the following. Let us consider first the case of the~A!
family obtained after annealing in the range 650–850 °
The x-ray linewidth deduced from Thompson-Cox-Hastin
line profile is typical of nanocrystalline state with aut
coherent diffraction grain size varying from 220 to 280
for, respectively,y51.04 and 0.52. In Fig. 2 are reported th
unit cell parameter variations versus the nominal Si cont
y. For y,0.78,a andc are found to decrease simultaneous
with a light slope of20.32 % per Si atom. Fory>0.78, this
decrease becomes four times higher, around21.2% per Si
atom fora while c turns to increase with a slope around10.8
%. For the small Si contents, the Si effect is of the sa
order of magnitude as that observed in t
R3̄m Sm2(Fe,Si)17 structure,a8 and c8 are poorly affected
and decrease as expected upon the substitution of Fe b
with a smaller size.12 For y50.78 the behavior is completel
different and follows the evolution observed by Buscho
and Van der Goot21 for the Co super stoichiometric
Sm12sCo512s . We suggest that the Sm content decrea
slightly comparatively toy50.26 and 0.52. Some additiona
Sm atoms are replaced by Fe-Fe dumbbells. The hexag
phaseP6/mmmmight not accept any more volume contra
tion and the light Sm deficiency might balance the decre
that would result from more Si substitution. Fory51.56,
iron precipitates and additional diffraction lines belonging
SmFe2Si2 appear on the x-ray diagrams. The cell paramet
of the coexistingP6/mmmphase are close to those measur
6-3
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TABLE I. Atom Wyckoff position and atom occupancy in theP6/mmmstructure as a function of the
substitution rates of the rare earth in theR12sM512s alloys.

Atom position s50 s50.22 s50.33 s50.36
CaCu5 TbCu7 ~Pearson! 2/17 1/9

1 Sm (1a) 0,0,0 12s 1 0.78 0.66 0.64
2 Fe (2c) 1

3 , 2
3 ,0 2(123s) 2 2 0 0

6 Fe (6l ) x,2x,0 6s 0 0 2 2
3 Fe (3g) 1

2 ,0,12 3 3 3 3 3
2 Fe (2e) 0,0,z 2s 0 0.44 0.66 0.72
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for y51.04 and give evidence of a solubility limity equal to
1.22. It must be emphasized that the unit cell paramete
the Si substitutedR3̄m Sm2Fe172xSix compounds shows, up
to x52, the same trend as for smally contents with a con-
stant Sm stoichiometry.12 Moreover, the unit cell parametera
of the~A! family alloys, for a giveny value, is systematically
lower thana8, parameter of the reducedR3̄m structure~B!
family. On the contraryc is always larger thanc8. Figure 3
reports the monotonic decrease (a82a)/a8 and the concomi-
tant monotonic increase (c82c)/c8 versusy, which reflects
the Sm deficiency of the hexagonalP6/mmm precursors
compared with the homologous rhombohedral alloys. T
effect is more pronounced withy increasing and corroborate
the Fe enrichment fory50.78 and 1.04 compared toy
50.26 and 0.52. The~C! family characterized by the onset o
R3̄m extra lines reveals the effect brought about by tempe
ture upon theP6/mmm structure. As an example, consid
Fig. 4 for y50.52. After annealing at 750 °C, which corre
sponds to the temperature leading to the~A! family, a andc
are respectively equal to 4.917 and 4.159 Å . After annea
at 875 °C which still induces the~A! family without any
R3̄m extra lines, their values reach 4.924 and 4.147 Å . T
reduced parametersa8 and c8 at 1150 ° C~B! region are
a854.932 andc854.145 Å . This means thata increases
towardsa8 while c decreases towardsc8. These evolutions
which follow Buschow’s model,21 corroborate the Sm en
richment of theP6/mmmstructure. The 2/17 stoichiometr
is approached as the annealing temperature increases. M
over the~C! family detected in a narrow temperature ran

TABLE II. a andc cell parameters, andRB ,x2 factors from the
Rietveld fit for SmFe92ySiy

y50.26 y50.52 y50.78 y51.04

a ~Å! 4.921 4.917 4.904 4.889
c ~Å! 4.163 4.159 4.172 4.184
RB 5.48 6.37 5.80 5.88
x2 1.69 1.39 1.87 1.56
s 0.35 0.35 0.36 0.36
x$6l % 0.291 0.291 0.289 0.291
z$2e% 0.289 0.290 0.290 0.289
02440
of

is

-

g

e

re-

can be explained as a mixture of theP6/mmm phase sup-
porting stoichiometry deviations, with unit cell paramete
matching the reduced parameters of theR3̄m of Th2Zn17
type structure and the gradual growth of the stoichiome
Th2Zn17 phase.

B. Magnetic properties

The Curie temperatureTC of the samples annealed a
750 °C increases from 450 up to 560 K fory51.56~Fig. 5!.
This value which is some two degrees higher than that
served for y51.04 within the experimental uncertainty
(63 K!, corroborates the fact that the solubility limit i
slightly higher than 1.04 as deduced from the x-ray da
Whatevery, theTC values are systematically higher by abo
30 K than those of the homologousR3̄m compounds.12 Ac-
cording to Givord and Lemaire22 R2Fe17 has two kinds of
exchange interactions, one positive and the other nega
When the separation within the individual Fe-Fe pairs
smaller than 2.45 Å , the exchange interactions are negativ
at large Fe-Fe separations, the interactions are positive.
may interpret the increase of the Curie temperature w
silicon atoms replace iron inRFe9 in terms of a decrease in
the negative exchange interactions.23 However, the increase
of TC might also be explained in terms of electronic effec
connected to the filling of the 3d band. We will now dem-
onstrate that this is the more likely explanation. The lowTC

value in the 2/17R3̄m structure is commonly attributed t

FIG. 2. Unit cell parameters vs silicon content
SmFe92ySiy
6-4
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the strong negative coupling of the 6c Fe atoms within the
individual Fe-Fe dumbbells. The separation of these Fe
oms is about 2.36 Å . In theP6/mmmstructure Sm~Fe,Si! 9,
the (2e) Fe atoms are separated by distances slightly lar
at around 2.40–2.42 Å according to the unit cell parame
given in Table II. However, for the same Si content the v
ume of the reducedR3̄m cell is always higher than the vol
ume of theP6/mmmcell. It results that all inter-atomic dis
tances, except those of the dumbbell pairs and the 3g26l

distances derived from the 9d218f distances in theR3̄m
structure~and already known to contribute strong negat
interactions!, are shorter in theP6/mmmstructure whileTC
is higher. Consequently, theTC increase of theP6/mmmcell
versusy must result from electronic effects. This is cons
tent with the filling of the iron 3d band with the 3p electrons
introduced by the silicon substitution. Moreover, the effect
this substitution is to push the 3d states to higher energy.24

This effect leads also to an increase in the iron momen
observed from the magnetization data~Fig. 6!. The mean
magnetic moment per Fe atom, calculated from the satur
moments in the assumption of an opposite free-ion mom
on the Sm site, is found to increase from 1.88mB for y
50.26 to 1.97 fory51.04, some few per cents more than f
the R3̄m Sm2(Fe,Si)17 alloys.12 Such slight improvement o

FIG. 3. (a82a)/a8 and (c82c)/c8 vs silicon content of
SmFe92ySiy . The primed and unprimed lattice parameters are,

spectively, those of the reducedR3̄m andP6/mmmstructures.

FIG. 4. Rietveld analysis for sample of SmFe92ySiy , for y
50.52. The sets of ticks refer, respectively, toP6/mmm and
Sm2O3.
02440
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the magnetic moment per transition metal atom in
P6/mmmstructure compared to its homologousR3̄m struc-
ture might lead to an enhancement of the anisotropy field
theP6/mmmstructure which was previously observed in t
Sm2Co17 alloys.25 The initial magnetization curves@Fig. 6
~inset!# are marked by a low initial permeability with a
evident inflection point typical for pinning type material
This can be related with the doping effect of silicon; th
when the silicon content is increased, the pinning field
creases. Responsible for the pinning effects are homoge
precipitates inside the main phase grains, which impede
motion of domain walls where they are located. For preci
tates to be effective pins, they must be crystallographica
coherent with the matrix and have magnetic properties
differ from those of the matrix phase. They must have
right size and spacing. However, monodomain behavior c
not be excluded, as the diffraction grain size is around 25
large for all samples. Nevertheless, the magnetization cu
@Fig. 6 ~inset!# for y50.78, 1.04 are separated from those f
y50.26 and 0.52. One can notice that this behavior co
sponds to the change in slope in the unit cell paramete
abouty50.52.

-

FIG. 5. Curie temperature vs silicon content of SmFe92ySiy
annealed at 750 °C. The solid line is a guide for the eye.

FIG. 6. Magnetization curves of SmFe92ySiy powders vs Si
content measured at 4.2 K. The initial magnetization curves~inset!.
6-5
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C. Mössbauer spectra analysis

The Mössbauer spectra relative to the hexagonal ph
obtained at room temperature, together with the fits,
shown in~Fig. 7!. We must point out that the atomic arrang
ments are rather complex due on the one hand to the e
tence of three crystallographic sites and, on the other h
to the statistical distribution of silicon. Consequently, the e
perimental spectra result from the convolution of numero
sextets. The interpretation of such spectra is dependen
the choice of physical model justified by pertinent expe
mental information brought by other techniques like, for
stance, x-ray diffraction. Finally all techniques must be se
consistent. The clue of the Mo¨ssbauer analysis which w
have carried out derives from two criteria.

~i! The possible distinction of the various iron sites, spe
fied by their hyperfine parameters setsd, HHF , and 2«, re-
sults from a first order perturbation by neighbor atoms~Table
III !. The smallest number of magnetic sites required for
ting the spectra consistent with a reasonable linewi
around 0.30 mm/s per site; the most pertinent solution.

~ii ! The assignment of the hyperfine parameter set o
given sextet to its crystallographic site obeys the relations
between the isomer shift and the Wigner-Seitz cell~WSC!
volumes: the larger the WSC volume the larger the isom
shift d.

In the first step we have calculated, by means of the
nomial law, the relative abundances of the Fe families in
various crystallographic sites 2e, 3g, and 6l with the as-

FIG. 7. The 293-K Mo¨ssbauer spectra of SmFe92ySiy .
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sumption of silicon in the 3g site as given by the Rietveld
analysis. The various types of neighboring atoms were c
sidered for a radius equal to 2.76 Å around each atom. T
are reported in Table III.

~a! The 2e Fe are submitted to the influence of one po
sible neighbor 2e dumbbell according to a statistical distr
bution of iron and vacancies in the 2e site. The closest
neighboring site of 3g type, more distant, will not be con
sidered.

~b! The 3g population can be differentiated by the stat
tical distribution of Fe and Si on four 3g first neighbors. The
statistical distribution of two 2e Fe in the next neighboring
shell, has been neglected.

~c! The 6l sites undergo the influence of the set of four 3g
first neighbors Fe/Si. The effect of one 2e dumbbell, in the
second neighboring shell, was also neglected.

The WSC volumes have been calculated by means of
richlet domains and coordination polyhedra for each crys
lographic family. We have used the procedure of radi
planes, which results in a space partition without gaps
tween the polyhedra.26 Radius values of 1.81, 1.26, and 1.1
Å have been used,27 respectively for Sm, Fe, and Si.

We have simulated the partial occupation by perform
the calculations in aP6/mmmappropriate subgroup in a wa
that allows the splitting of the partially Si occupied position
The simplest possibility is given in subgroupP1 with a8
53a, b853b and c852c, where we had to take into ac
count all atoms corresponding to the fully occupied positio
~20 atoms! and one additional atom from one of the oth
positions. The WSC volumes resulting from such calculat
~see Table III! lead to the following volume sequenc
V$2e%.V$3g%.V$6l %, whatever the Si content.

The interpretation of the spectra require two more
marks: the Lamb-Mo¨ssbauer factors were set equal for
sites 2e, 3g, and 6l of the P6/mmmstructure, the relative
abundance of each sextet line was taken in the ratio 3/2/

TABLE III. Wigner-Seitz cell volumes and interatomic dis
tances for the hexagonalP6/mmm structure for SmFe92ySiy y
51.04 as an example, (a54.889 Å , c54.184 Å!. The distances
are calculated inside a radius of the coordination sphere equa
2.76 Å .

Site WSV~Å!3 Distance Number Notation
~Å! of Fe/Si atoms

6l 12.80 2.46 2 6l
2.45 4 3g
2.74 2 3g
2.74 2 2e

2e 19.49 2.41 1 2e
2.60 6 3g
2.75 6 6l

3g 12.87 2.44 4 3g
2.45 4 6l
2.60 2 2e
6-6
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TABLE IV. Mössbauer hyperfine parameter for SmFe92ySiy for y50.52, as an example, at room tem
perature. Hyperfine field,HHF ~kOe!; isomer shift,d ~mm/s!; quadrupole interaction, 2« ~mm/s!, and relative
area,A(%). Linewidth G50.30 mm/s

2e0 2e1 ^2e& 3g0 3g1 3g2 ^3g& 6l 0 6l 1 6l 2 ^6l &

HHF 283 275 281 222 223 192 219 242 204 212 224
d 0.122 0.035 0.098 0.035 -0.168 0.146 -0.031 0.06 -0.027 -0.0181 -0.
2« 0.052 0.015 -0.022 -0.039 -0.030 -0.105 -0.102 -0.108
A 9.8 3.8 13.6 24.3 18.5 5.4 48.2 19.3 14.7 4.2 38.
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random powders as no texture was observed on the x
diagrams. Along the fitting procedure, the relative abunda
of the Fe families, calculated with the binomial law we
maintained as fixed parameters. Only the abundances hi
than 1.8% were taken into account. All other parameters
d, HHF , and 2e were free. In the second step of the refin
ment, the deduced averaged isomer shift values have
assigned to each site of the 2e, 3g, and 6l families accord-
ing to their respective WSC volume sequence. Finally, in
last step of the fit, all hyperfine parameters were free. T
solid lines shown in Fig. 7 are the result of the fits with t
constraints described above and the resulting hyperfine
rameters are given, as an example fory50.52, in Table IV.

Figure 8~a! shows the isomer shift evolution versusy at

FIG. 8. The compositional dependence of~a! the isomer shifts
and ~b! the hyperfine fields for SmFe92ySiy . The plotted data are
the weighted average values for each three sites.
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room temperature for the different sites. For a giveny, the
sequence observed is 2e.3g.6l , as assumed from WSC
volume correlation. There is an increase for the mean iso
shift of the 2e and 6l atoms upon silicon substitution, whil
for the 3g atoms it remains quasiconstant. This result can
understood in terms of the preferential silicon atom occu
tion. The WSC volume reduction which might contribute
an increase in thes-electron density at the iron nuclei i
widely balanced by the enhancement of thed-electron den-
sity brought by 3p silicon electrons which, in turn, gives ris
to a reduction of thes-electron density at the iron nuclei. Th
additional silicon 3p electron favors the shielding of the 4s
electrons. It results in an increase in the isomer shift for
iron nuclei having silicon as first neighbors and no effect
the nuclei that belong to the sites where silicon is locat
The 2e and 6l iron sites have six adjacent 3g neighbors
while the 3g site atoms have only four. The 3g atoms with
fewest 3g neighbors are the least affected by the silicon s
stitution and theirs charge density is then not modified
Weak change is observed for thed$3g%. This specific 3g site
behavior then corroborates the preferential occupation of
con atoms at this site.

The mean hyperfine fields@Fig. 8~b!# decrease with Si
content as observed in theR3̄m Sm2(Fe,Si)17 compounds.
The same explanation can be given. It results from the co
petition between negative core polarization term and
positive term arising from 4s conduction electrons. The fol
lowing hyperfine field classificationHHF$2e%.HHF$6l %
.HHF$3g% is obtained. As a conclusion of the Mo¨ssbauer
analysis, the consistency of the results corroborates the c
tallographic deductions.

IV. CONCLUSIONS

We have studied the structure and intrinsic magnetic pr
erties of Sm(Fe,Si)9, the P6/mmm precursor of the
Sm2(Fe,Si)17 R3̄m phase. The approach to theP6/mmm
precursor structure results from modifications of the stoich
metricRM5 phase of CaCu5 type towardsR substoichiomet-
ric RM9 compounds.

The x-ray diagrams were interpreted according to the
lationship between the atom positions in the stoichiome
2/17 R3̄m phase and those of the hexagonalP6/mmmstruc-
ture. The Rietveld refinements have been performed with
located in 3g sites.

At a given annealing temperature, the Si enrichment
6-7
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duces a change of slope in the unit cell parameter evolut
confirmed by initial magnetization curves. For small Si co
tent (y<0.52), the unit cell parameters decrease smoo
upon the Si substitution. Fromy50.52 up to y slightly
higher than 1.04, which corresponds to the solubility limit
Si in theP6/mmmstructure, the unit cell parameter behavi
gives evidence of a small iron enrichment around 1/9 c
roborated by the Rietveld structure refinement. At a given
content the evolution of unit cell parameters versus ann
ing temperature from hexagonal towards rhombohed
structure is attributed to Sm enrichment.

The Curie temperatures are systematically 30 K hig
than those of the homologousR3̄m. They increase with S
content. They are mainly relevant to electronic effects m
pronounced than in theR3̄m structure 2/17, and connected
a measured Fe moment enhancement of some percent
regards to theR3̄m structure. Moreover, the initial magnet
zation curves can be explained either by pinning mode
monodomain behavior.
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The WSC volumes were calculated with a specific co
using the groupP1. The statistical occupation of the F
dumbbell and the partial Fe/Si substitution of the 3g sites
were described by the binomial law.

The Mössbauer hyperfine parameter assignment was
formed on the basis of their correlation with the WSC vo
umes. The isomer shift of the 3g sites remains quasi-consta
with Si content in agreement with the x-ray analysis a
corroborates the preferential Si 3g occupation. The mean
hyperfine field and the hyperfine field of each crystal
graphic site decrease with the Si content, as shown pr

ously in theR3̄m Sm2(Fe,Si)17 alloys.
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